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ABSTRACT

Temperature measurements were obtained on the
Pegasus® booster from launch through Mach 8.0. The ma-
jority of sensors were thin foil temperature gages installed
near the surface within the vehicle’s ablating thermal pro-
tection system. These gages were distributed on the wing
surfaces and on the wing-body fairing or fillet. Temperature
time histories from these installations are presented. In ad-
dition, thermocouples were installed on the surface of non-
ablating plugs located on the fairing. These sensors were
more responsive to changes in flight conditions than the foil
gages and allowed a derivation of convective heat flux. A
heating rate magnification of 2 was found in the vicinity of
the wing shock interaction.

NOMENCLATURE
c local wing chord, in.
[ specific heat, Btu 1b;! °F-!
FS fuselage station, in.
Heat,y  heat of ablation, Btu Ibz!
HRSI high-temperature reusable surface insulation
h pressure altitude, ft
k thermal conductivity, Btu ft~! hr-! °F-!

LTA Lockheed Thermal Analyzer
Me free-stream Mach number

NASA  National Aeronautics and Space Administration
q heat flux, Btu ft~2 sec™!
g free-stream dynamic pressure, Ib ft-2
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Qeond conductive heat flux into wall from surface,
Btu ft~2 sec~!

Geonw convective heat flux to the surface,
Btu fi~2 sec-!

Grod radiative heat flux, Btu ft-2 sec™!

Qref reference surface convective heat flux,
Btu fi=2 sec~!

T temperature, °F

Ton ablation temperature, °F

Toct activation temperature, °F

T, surface temperature, °R

TC thermocouple

TPS thermal protection system

t time from launch, sec

T local longitudinal coordinate, measured aft
from leading edge, in.

y lateral coordinate, measured to the right from
vehicle centerline, in.

2z vertical coordinate, measured up from vehicle
thrust line, in.

Greek symbols

@ angle of attack, deg

B angle of sideslip, deg

4, incremental difference in convective heat flux,
Btu fi~2 sec-!

> emissivity

p density, Iby, in—3

o Stefan-Boltzmana constant, 3.3063 x 1015

Bt in~? sec~! °R—4



INTRODUCTION

The Pegasus® vehicle is an air-launched, three-stage solid
rocket booster that uses a wing and conventional control
surfaces at speeds up to Mach 8.0 and offers the potential
for performing add-on experiments. These add-on experi-
ments are based on the concept of small research packages
that can be incorporated into a Pegasus vehicle with min-
imal impact to its primary orbital insertion mission. The
Pegasus booster offers the advantages of being a large-scale
vehicle with a large amount of internal volume in the first
stage. In addition, approximately every 16 1b added to the
first stage reduces the orbital payload capability by only 11b.
Some of the disadvantages of the Pegasus add-on concept
are that the vehicle is nonrecoverable, has ablating surfaces,
and flies a fixed trajectory. A series of add-on experiments
has been proposed. On the early flights, the complexity has
been limited to meet flight schedules. On later flights, more
sophisticated experiments are planned to study phenomena
such as crossflow-induced boundary-layer transition. The
overall goal of these add-on experiments is to perform ap-
propriate hypersonic research, given the limitations of the
Pegasus vehicle.

The specific research objectives of instrumenting flights
no. 1 and 2 are: (1) to develop measurement techniques on
an ablating vehicle, (2) use some of these techniques to ob-
tain in-flight temperature measurements that can be used for
evaluation of analytic design tools, and (3) to obtain empir-
ical information related to specific hypersonic flow features
of the configuration.

The first objective deals with obtaining useful aerother-
mal measurements on an ablating vehicle, such as the Pe-
gasus booster, which has a thermal protection system (TPS)
consisting of thin layers of ablative and insulative materials.
Two types of temperature sensors were installed and tested.
Foil temperature gages offered the possibility of measuring
temperatures between the thin layers of thermal protection
with minimal perturbation. Nonablating plugs with thermo-
couples (TCs) at the surface were installed in the wing-body
fillet region. The plugs were fabricated from high temper-
ature reusable surface insulation (HRSI). The HRSI mate-
rial, originally developed for the space shuttle, offered a
well-defined insulation in terms of material properties and
characteristics.

The second objective was to obtain flight data that can
be used for the evaluation of analytical design tools. Dur-
ing the development phase, the Pegasus configuration was
never tested in a wind tunnel, resulting in substantial sav-
ings in time and cost.! Such an approach, however, required
heavy reliance upon analytic tools used in the acrodynamic
and thermal protection design process. The flight no. 1 re-
search system included temperature sensors distributed on
the wing surfaces, leading edge, and the wing-body fairing

® pegasus is a registered trademark of Orbital Sciences Corp., Fairfax,
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(or fillet). These sensors were intended to provide direct
measurements for comparison with analytic predictions.

The third objective was to obtain empirical information
about certain aerothermal features of the configuration, par-
ticularly additional heating caused by wing shock in the
vicinity of the fillet. Because of the variation of Mach num-
ber and angle of attack during the flight, a wide range of
wing-body flow conditions were present. The distribution of
the plug-mounted sensors was selected to identify the effects
of the shock wave and compression field generated by the
wing. The surface temperatures on the plugs were expected
to respond rapidly to these local aerothermal conditions and
were used to derive estimates of convective heat flux.

This paper presents the results of the flight no. 1 instru-
mentation effort. Presented in the results section are typical
temperature time histories measured within the TPS and also
chordwise temperature distributions for some of the wing in-
stallations. The usefulness of the foil gages and HRSI plugs
for temperature measurement, as well as the derivation of
heat flux, will be discussed.

The authors would like to acknowledge the financial sup-
port of the Defense Advanced Research Projects Agency
(DARPA).

TEST APPARATUS

Vehicle Description

The Pegasus vehicle is an air-launched, winged, three-
stage expendable solid rocket booster system intended to
deliver payloads of up to 900 Ib into low Earth orbit. The
launch configuration is shown in Fig. 1, along with a photo-
graph of the booster mated to the B-52 carrier aircraft. The
wing, tail surfaces, and wing-body fillet are all located on
the first stage. Research instrumentation components de-
scribed in this report were installed on the first stage of the
flight no. 1 vehicle. The vehicle was approximately 49.5 ft
long with a wing span of 22 fl. Total weight at launch for
the flight no. 1 vehicle was 41,765 1b.

The Pegasus wing is nearly triangular in planform with
zero dihedral and 45° leading-edge sweep. The airfoil sec-
tions at lateral coordinate (y) = 65 in. and y = 32 in, are
shown in Figs. 2(a) and (b), respectively. The airfoil is a
truncated diamond type with a nominal 1-in.-radius lead-
ing edge. The wing skin structure is constructed of foam
sandwiched between two 0.040-in.-thick layers of graphite-
epoxy. The wing leading edge is constructed of solid
graphite-epoxy and has a nominal thickness of 0.125 in.

The wing-body fillet provides an aerodynamic fairing be-
tween the wing and the cylindrical rocket motor casing that

forms the fuselage. The fillet construction is similar to that
of the wing.

The Pegasus TPS consists of ablative and insulative
materials in various combinations applied to the external



surface of the graphite-epoxy substructure. Four materials
were used: Firex RX-2376A (Pfizer Minerals, Pigments and
Metals Division, New York, New York), Thermolag T-230
(Thermal Science, Inc., St. Louis, Missouri), cork phenolic,
and an Acurex-developed spray-on insulator (Acurex Corp.,
Huntsville, Alabama). Thermal properties of these materi-
als are given in Table 1. Firex is a polymer ablator that be-
gins to melt and flow at approximately 250 °F. Thermolag is
an ablator that sublimes at a temperature of approximately
230 °F. Both ablative materials are sprayed on, Cork was
obtained in 0.04-in.-thick pressed sheets and glued in place.
The Acurex insulator consisted of glass microballoons sus-
pended in an epoxy resin. Once sprayed, the insulator begins
10 set, and eveatually hardens to a brittle foam. On the wing,
Firex ablator was sprayed over the Acurex insulator; on the
fillet, Thermolag ablator was applied over cork. Specific de-
tails of the TPS as applied at the various sensor installations
are described in the next section.

Instrumentation

The flight no. 1 instrumentation system consisted of 86
chromel-alumel (type K) TCs and related signal condition-
ing hardware. On the right wing, TPS-embedded “foil” TCs
were located along the leading edge, in two chordwise rows
on the lower surface, and at various points on the upper
surface. On the right side of the wing-body fillet, TPS-
embedded foil TCs were located in a grid-like pattern as
were the plug-mounted TCs. This paper will show results
from the two chordwise, lower surface rows and the fillet
instrumentation. A summary of sensor distribution is given
in Table 2. Figures 4 and 5 contain precise sensor locations
and will be discussed in this section.

The majority of TCs (61) were foil types approximately
0.006 in. thick and encased in a polyimide laminate, see
Fig. 3(a). These sensors provided temperature time histories
between the various layers of thermal protection with a min-
imum amount of disturbance to the TPS. The only modifi-
cation required to the structure is a 0.187-in. hole at each
location for the TC leads to be routed through.

Ten type-K TCs were fabricated from small-diameter
(0.005-in.) wires which were mounted on the surface of
1-in.-diameter, 0.4-in.-thick plugs, see Fig. 3(b). The plugs
were solid pieces of shuttle tile material, LI2200 (also
known as HRSY). Details of the material properties are given
in Table 3. A high-temperature, high-emissivity coating was
applied over the plugs including the TCs. The emissivity
of the coating was measured using a spectrophotometer and
was determined to be 0.85. Samples of the coating were
heated in ground facilities to temperatures of 600 °F and no
degradation in emissivity was observed. Indentations had
to be provided in the structure to allow flush-mounting of
the plugs. Consequently, the structure is perturbed far more
than in the case of the foil gages, but the HRSI plugs provide
a reliable way to estimate heat flux at the surface as will be
seen in a later section.

Wing Foil Thermocouple Installations

Twenty-six TCs (24 thin foil TCs and 2 standard bulb
types) were installed in the wing lower surface TPS. The
TPS design for the wing surfaces consisted of a 0.040-in.
layer of Acurex insulator and an external layer of 0.015-in.
Firex ablator. See Fig. 4 for wing sensor locations and local
TPS configuration.

Fillet Installations

All fillet instrumentation locations are diagramed in
Fig. 5 and include foil gages installed within the TPS and
HRSI plug installations. On the fillet, the TPS consisted of
Thermolag ablator 0.015 in. thick sprayed over a 0.040-in.
layer of cork insulator. The fillet TCs are installed in much
the same way as those on the wing.

FLIGHT CONDITIONS AND
TRAJECTORY

No onboard airdata measurements were taken on the Pe-
gasus vehicle. Therefore, free-stream airdata quantities
were estimated postflight by a combination of inertial data
from an onboard inertial navigation system (INS), atmo-
spheric data from balloons, stratospheric charts, climato-
logical information, and seven ground-based radar tracking
sites.?

Flight condition parameters from release to first-stage
separation are shown in Figs. 6(a) and (b). The Pegasus
vehicle began its path to orbit under the right wing of the
NASA B-52 aircraft. Launched from 40,000 ft, the Pega-
sus booster drops away from the bomber for approximately
5 sec before the first stage ignites, Fig. 6(a). A 2-g pullup
is then executed, during which the vehicle reaches a maxi-
mum angle of attack of approximately 20°, Fig. 6(b). An-
gle of attack is reduced to approximately 8° from approxi-
mately Mach 2.0 to Mach 3.5. Angle of attack is near 0° for
the remainder of first-stage flight. Maximum dynamic pres-
sure is approximately 850 1b ft~2 and occurs 30 sec afier
launch, Fig. 6(a). At that time, altitude is just under 60,000
ft and Mach number is approximately 2.5. Angle of sideslip
is given in Fig. 6(b).

HEAT FLUX DERIVATION FROM
NONABLATING PLUGS

The HRSI plugs were modeled analytically using the
Lockheed Thermal Analyzer (LTA) program, a finite differ-
ence code that solves transient thermal problems in up to
three dimensions (Lockheed Report 18902, Thermal Ana-
lyzer Computer Program for the Solution of General Heat
Transfer Problems). The LTA program was used to de-
termine the conduction and radiation components from the
temperature time histories measured at the plug surfaces.

Because of a plug’s large width, temperature measured at
the center of the surface is considered unaffected by edge



conditions and a one-dimengional, finite difference thermal
model sufficed. Thinner elements were used near the surface
that experienced higher temperature gradients. The HRSI
plugs were coated with a thin layer of black paint. The
paint’s conductivity was not modeled; however, its surface
emissivity was taken into account. The HRSI thermal con-
ductivity was input as a function of temperature and static
pressure (Table 3). Specific heat of HRSI varied with tem-
perature alone.

The nonablating HRSI surface experiences all three
modes of heat transfer at the surface: convection, conduc-
tion, and radiation, but no energy leaves the surface in the
form of ablation products. Given the surface temperature
and assuming a view factor of 1.0 and a 0.0 °R reserv-
jor, radiation heat transfer was determined from the Stefan-
Boltzmann equation:

Qrod=5°'T:

Using the surface temperature time history, the heat
conduction into the wall can be determined from a one-
dimensional finite difference model such as the one used in
the LTA program, and is based on

daT
doont = —k (3;) =0
The convective heat flux at the surface is then the sum of the
radiative and conductive heat fluxes,

Qoow = Goond + Qrad

provided the conduction component is defined as positive
when heat is flowing into the material and the radiation com-
ponent is defined as positive when energy is leaving the sur-
face. A similiar procedure was used in the analysis of space
shuttle thermal data

DISCUSSION OF RESULTS
Wing Thermal Protection System

Figure 7 shows an example of temperatures measured at
the same wing location but between the different layers of
thermal protection. Prior to launch, all temperatures were
at steady values between approximately —5 to —35 °F. At
locations where multiple TCs were installed, no large tem-
perature gradients were present across the layers of the TPS,
This indicated that the TPS was cold-soaked to near atmo-
spheric conditions and that there were no large instrumenta-
tion biases in the system. Prior to launch the graphite-epoxy
inner wall is slightly warmer than the outer layers in most
cases. As the flight progressed, measurable temperature dif-
ferences developed between the thin thermal protection lay-
ers. As expected, the temperature rise of the lower sensors
lags that of the sensor located nearest to the surface. These
measurable temperature differences across the layers may
allow an estimation of surface heat flux prior to the onset

of ablation. This issue will be discussed later. The maxi-
mum temperature measured on the graphite-epoxy substruc-
ture never exceeded 230 °F.

Examples of the lower surface wing temperature time his-
tories measured at the Firex—insulator interface are shown
in Figs. 8(a) through (d). On the inboard row (Figs. 8(a)
and (b)), all the aft locations as well as the station nearest
the leading edge (fuselage station (FS) = 293 in.) level off
at approximately 250 °F, the ablation temperature of Firex.
The second and third stations (FS = 283 in., FS = 273 in.)
exceed the data range limit of 320 °F indicating the ablative
material is depleted in this area. This pattern is repeated on
the outboard row (Figs. 8(c) and (d)) with the second and
third stations (FS = 253 in., FS = 245 in.) exceeding the ab-
lation temperature. The third station (FS = 245 in.) exceeds
the data range limit by ¢ = 45 sec.

To better visualize the phenomena seen in Fig. 8, Firex-
insulator interface temperatures are plotted as a function of
chord for different times in Fig. 9. As seen at the inboard
(Fig. 9(a)) and outboard (Fig. 9(b)) locations, by 50 sec af-
ter launch the majority of temperatures ar¢ approaching the
ablation temperature of Firex (250 °F), while temperatures
between chord location (z/c) = 0.1° and 0.3° continued to
increase above the 250 °F level indicating that the ablative
layer was depleted in this region.

Since data from the embedded TCs are expected to be
sensitive to details of the sensor installation and TPS instal-
lation processes, the consistency of the trends from the two
chordwise distributions is considered good. The higher tem-
peratures observed on the outboard row at z/c=0.62 may be
a result of variation in thickness of the TPS layers or possi-
bly an incomplete bond between the TC and the TPS layers.

Fillet Thermal Protection System

Figures 10(a) and (b) show examples of temperature time
histories for the foil gages embedded in the fillet TPS. Initial
temperatures for these sensors were similar to the wing sen-
sors. Most of the sensors reached the ablation temperature
of the Thermolag (230 °F) which is slightly lower than the
wing ablative material. Although some sensors exceeded
the ablation temperature, all temperatures leveled out at no
more than 270 °F.

Fillet High-Temperature Reusable Surface
Insulation Plugs

Examples of surface temperature and derived convective
heat flux for selected HRSI plugs are shown Fig. 11. Ini-
tial temperatures of the plugs were slightly higher than the
TPS values and the plug data show more fluctuations during
the flight and much higher maximum temperatures. Rapid
surface response to external heating variations is expected
since the HRSI plugs are not covered with ablative material
and have highly insulative properties. Subtle variations in
the temperature time histories correspond to substantial heat
flux variations. As with the foil TCs, the plugs begin to heat



up at approximately 10 sec. Temperature steadily increases
for all of the plugs until approximately 45 sec as shown in
Fig. 11. A large heat flux pulse is shown by all the HRSI
plug data at t = 76 sec, (Fig. 11). The time and magnitude
of this event is essentially the same for all plugs. This event
coincides with the final seconds of first-stage motor opera-
tion when the exhaust plume expands, possibly resulting in
radiative heating of the fillet.

As the Pegasus vehicle begins to expetience acrodynamic
heating, the surface temperatures of the plugs and of the sur-
rounding TPS begin to rise. For the temperatures of interest
(< 230 °F), the conductivity of Thermolag and HRSI are of
the same order of magnitude (approximately 0.08 and 0.05
Btu ft~! hr~! °F~1, sec Tables 1 and 3). Thus, the surface
temperatures should rise at approximately the same rate, at
least until the ablation rate from the TPS becomes signifi-
cant. At that point, the TPS surface temperatures level off
at no more than 270 °F while the plug surface temperatures
continue to rise. Until ablation starts, a rough estimate of
temperatures within the TPS can be made from applying the
plug-derived heat flux to an LTA model of the TPS. Fig-
ure 12 shows the TPS temperature profiles calculated by the
LTA model using the derived heat flux from an HRSI plug
(FS = 280.6 in., vertical coordinate (z) = 18 in.). Plotted
on the same figure are the interface profiles from the foil in-
stallation just below the plug (FS = 280.6 in., z = 15.5 in.).
Measured and modeled interface temperatures show good
agreement considering the differences in the thermal prop-
erties between the HRSI plugs and the TPS. The calculated
and measured Thermolag-cork interface temperature traces
contain a slight change in slope between 25 and 32 sec. This
is an indication that the foil gages are responding to the same
heat flux variations as the plugs.

The derived heat flux data must be interpreted with re-
spect to the trajectory and sensor location. By using su-
personic wedge tables* for several trajectory flight condi-
tions, an estimate of the wing leading-edge shock-wave po-
sition, superimposed on the sidewall of the fillet, is shown
in Fig. 13(a). This estimate does not account for offsets
caused by the 1-in. wing leading-edge radius or fuselage
bow shock effects. Based on this estimate, however, the
three sensors at the forward corner of the fillet, farthest from
the wing, are expected to be upstream of the wing shock at
flight conditions where aerodynamic heating is significant.
When compared, heat flux data for these sensors agree fa-
vorably throughout the flight profile, see Fig. 13(b). There-
fore, data from these sensors will be referred to as the ref-
erence heating, g,.y, and used to normalize data from other
fillet sensors.

Figure 14 shows the additional heating, which is
defined as:

Aq=qcow—qr¢f

for two fillet sensors. These sensors are located aft and close
to the lower surface of the wing, and are therefore down-

stream of the estimated shock position at all flight condi-
tions. Substantial additional heating is present for these sen-
sors during the first half of the flight. The additional heating
builds to amaximum at ¢ ~s 46 sec, when the angle-of-attack
pitch-down maneuver begins (see Fig. 6). At¢ as 55 sec, this
maneuver is complete, and angle of attack is approximately
(0 for the remainder of the flight. Additional heating after
t =55 sec also is approximately zero.

Figure 15 shows the additional heating for the sensors lo-
cated in the wing shock region. For most of these sensors,
some additional heating is present during the portion of the
flight with angle of attack (¢ < 55 sec). Aftert =55 sec, when
angle of attack is 0°, these sensors indicated additional heat-
ing up to approximately 0.47 Btu ft=2 sec~'. It is hypothe-
sized that this additional heating is caused by the proximity
of the wing leading-edge shock. Other factors to be con-
sidered are the vehicle angle of sideslip and Mach number,
Angle of sideslip () is below or near 0° during most of the
high Mach number portion of the flight. During the period
of peak additional heating caused by the shock, 60 <t <70
sec, angle of sideslip approaches a value of 8 rs 1° att &5 65
sec (resulting in the right-hand side of the fillet being more
windward).

Reference heating at ¢ = 62 sec is approximately 0.5 Btu
ft=? sec™?, The peak additional heating observed in this cx-
periment of 0.47 Btu ft~2 sec~! corresponds to an additional
heating factor of approximately 2 (gcons /gres & 2). Perhaps
follow-on Pegasus experiments will better define the signif-
icance of angle-of-sideslip effects, the local pressure field,
and boundary-layer characteristics in this vicinity to provide
better interpretation.

CONCLUDING REMARKS

Temperature measurements within the thermal protec-
tion system (TPS) of the first Pegasus® air-launched space
booster are presented. The TPS temperature measurements
were obtained on the wing lower and upper surfaces and
wing-body fillet. In addition, surface heat flux is calculated
for the high-temperature reusable surface insulation (HRSI)
plugs installed on the wing-body fillet. The data presented
in this report can be used to evaluate the effectivencss of
the aerothermal design tools used in the development of the
Pegasus vehicle, help evaluate sensor installation concepts,
and provide empirical information related to specific hyper-
sonic flow features of the configuration.

Thin foil thermocouples installed within the thermal pro-
tection system have provided a way of obtaining temper-
ature measurements within the thin layers of the Pegasus
TPS. The nonablating HRSI plugs proved responsive to
small variations in vehicle flight conditions and provided a
means of deriving heat flux estimates.

® Pegasus is a registered trademark of Orbital Sciences Corp., Fairfax,
Virginia.



The thin foil gage data from the wing indicated consistent
trends in the inboard and outboard measurement rows. Most
wing temperature time histories stabilized near the ablation
temperatures, with the exception of sensors between 10 and
30 percent of the wing chord where the ablative material
appears to have been depleted. The data from foil gages at
lower depths in the TPS showed consistent lags because of
the thermal capacitance and thermal resistance of the TPS.

Temperatures measured within the fillet TPS were gen-
erally similar to the wing data; however, no sensors sig-
nificantly exceeded the ablation temperature. As expected
the nonablating, highly insulative plugs experienced higher
surface temperatures and showed more responsiveness to
changes in flight conditions.

Derivations of convective heat flux from the HRSI plugs
resulted in consistent trends for all sensors forward of the
expected wing leading-edge shock position. Data obtained
from sensors aft of the shock had additional heating charac-
teristics that could be directly related to vehicle Mach num-
ber, angle of attack, and angle of sideslip. The maximum
value of heating rate measured in the vicinity of the shock

was approximately twice the value ahead of the shock. This
additional peak heating appears to be sensitive to small vari-
ations in angle of sideslip.
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Table 1. Properties of TPS materials.

H “”au ’ Tad ’ Tau )

Material p, by in  k, Buft~! hr!°F-! ¢, Bwlb;!°F! Btulby! °F °F Description
Acurex 0.00613 0.0258 0.262 na n/a  nfa Patterned after insula-
insulator tor on shuttle main
tank, Microballoons
in epoxy. Spray-on
application.
Cork 0.0177 0.04 047 n/a n/a n/a Multipurpose insula-
phenolic tor. Organic fiber.
Bonded in place.
Firex 0.04 0.14 04 1800 280 250 Low-lemperature
RX-2376A ablative material.
Polymer. Spray-on
application,
Thermolag 0.0521 0.08 03 750 n/a 230 Low-temperature
T-230 ablative material.

Polymer. Spray-on
application.




Table 2. Temperature sensor distribution.

Foil gages Bulb gages HRSI plugs

Wing upper surface 3 2 0
Wing lower sutface 25 6 0
Leading edge 15 0 0
Fillet 18 2 10
Signal conditioning equipment 0 5 0
Total 61 15 10

Table 3. HRSI material properties; HRSI deasity (LI-2200) = 22 1bm in~>.

(a) Transverse thermal conductivity.

Pressure, atmosphere
Temperature,°F 10> 104 10?1072 10} 1
—250 0.0133 0.0133 0.0167 0.0267 0.0300 0.0333
-150 0.0150 0.0150 0.0183 0.0283 0.0333 0.0367
75 0.0183 0.0183 0.0233 0.0333 0.0408 0.0467
500 0.0250 00250 0.0317 0.0408 00558 0.0650
1000 0.0358 0.0358 0.0442 0.0533 0.0783 0.0900

(b) Specific heat.

Temperature, °F ¢, Btu lb’ T

~250 0.070
—-150 0.105
0 0.150
250 0.210
500 0.252
750 0.275
1000 0.288
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(b) B-52 carrier and Pegasus vehicle at takeoff.
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Fig. 4 Plan view of right wing lower surface, showing temperature sensor locations.
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Fig. 5 Side view of wing-body fillet, showing temperature sensor locations.
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(b) Angle of attack and angle of sideslip.
Fig. 6 Pegasus flight trajectory time histories.
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Fig. 7 Wing TPS interface temperatures, °F, FS =293 in., y = 32 in.
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Fig. 8 Lower surface wing temperature time histories, inboard row (y = 32 in.), Firex—insulator interface, °F.
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Fig. 8 Continued.
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(a) Inboard row, y =32 in.
Fig. 9 Chordwise distribution of wing lower surface temperatures at the Firex—insulator interface, °F.

18



350 rr
| - - — — — — Data range
300 fimit
250 |- t = 50, 60,
70, 80 sec
200 +
T t=40sec
0'; 150 -
100 |- t=30sec
50 |-
t=20sec
o -
t=0sec
...50 1 1 ] [ [l | 1 ]
0 1 2 3 4 5 6 7 8 9 1.0
X/C 910050

(b) Outboard row, y = 65 in.
Fig. 9 Concluded.

19



B0~ ___ z-205in.
s00 L z=18.01in.
250 |-
200 |-
T
op 150 L
100 | ='_==-—-§=‘
o83 ]
808 / )
0} ) z=205in./  \-2=18.0in.
50 1 1 1 ] 1 ] 1 ] 1 J
-10 0 10 20 30 40 50 60 70 80 920
Time, sec from launch 910960
(a) FS=2704 in.
350 2=205in.
00 L 2=18.0in.
250 | e —_
200 |- -~
T, ‘
50|
100 S e —,
(-] 8 (-]
50 ° g /6\’ gg/
208/ N\
0 z=180in./  \-z=205in.
-50 ) 1 I | I i 1 1 ] ]
=10 0 10 20 30 40 50 60 70 80 90
Time, sec from launch 910981

(b) FS =263.5in.
Fig. 10 Examples of fillet temperature time histories at the Thermolag—cork interface, °F.
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Fig. 11 HRSI plug surface temperature data and derived heat flux estimates at two locations, FS = 288.4 in.
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Fig. 12 Typical comparison of calculated TPS temperatures with measured flight data.
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(a) Estimated wing leading-edge shock location, projected on fillet sidewall, two-dimensional wedge theory.
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(b) Comparison of heat flux data, forward of estimated shock position.
Fig. 13 Fillet sidewall reference heating.
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24

60 70 80 90

910064



Mw lad 2-5 315 4-7 3.1

—
Pltch

5 B \ 0
\ — o=7°" down
A 3T 231
-2 Z= n.,
5;231 2 FS = 253.1 In.
1
0
.1
5
A
3
A
q’_z z=23In,,
Buuft? .2 FS = 246.2 In.
sec 1 n M
-1 1 1 ] 1 1 1 1 '\ 1 J

-10 0 10 20 30 40 50 60 70 80 90

Time, sec from launch 10084

Fig. 14 Fillet sidewall heating, aft of shock.
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Fig. 15 Fillet sidewall heating in the vicinity of the wing leading-edge shock at various locations.
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Fig. 15 Continued.
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